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BACKGROUND OF THE INVENTION 

This invention relates in general to hybrid optical devices, and specifically, to a 
hybrid optical device which includes a filter and a reflective surface in an optical path 

10 between at least one input and at least one output. 

Optical communications systems are built by combining sub-systems or modules 
which perform specific networking fiinctions such as removing a single wavelength or 
group of wavelengths fi-om the complete set of wavelengths (called Add/Drop 
Multiplexers) or equalizing the optical power level at all the wavelengths (called 

15 Dynamic Power Equalizers). A general description of these applications can be found in 
"Introduction to DWDM Technology" by Stamatios Kartalopoulos, Wiley-Interscience, 
2000. Traditionally such sub-systems or modules are manufactured by integrating several 
discrete optical components, each of which performs one fianction, on a printed circuit 
board or within an enclosure. The large number of such single-fiinction components in 

20 each module or sub-system increase the cost, size and optical power loss of these network 
elements. 

There is therefore a need to provide hybrid optical devices in which two or more 
functions are combined within the same component. 

25 SUMMARY OF THE INVENTION 

Hybrid passive components are optical components which combine more than one 
optical fianction within the same package without converting the optical signal back into 
its electrical form and without coupling the light multiple times into and out of the fiber. 
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In so doing, they have the potential to reduce the assembly cost, size and optical power 
loss of network elements. Generally they use some type of free space optical moimting 
system to insert multiple optical elements between a single set of input and output fibers. 

Within Optical Add/Drop Multiplexers and Dynamic Power Equalizers, for 
example, Applicants recognized that there is a strong need for components which 
combine the dynamic control of optical power levels by means of a variable optical 
attenuator, with other functions such as switching, tapping and wavelength division 
multiplexing . In this way, only a portion of the optical signals will have their power 
level dynamically adjusted. Applicants recognized that in Switchable Optical Add/Drop 
Multiplexers and other types of Multiplexers, it is desirable to combine fiinctions using 
hybrid components that are able to combine two or more of wavelength division 
multiplexing (WDM) or demultiplexing, attenuation, switching, filtering, tapping and 
other functions. 

A hybrid optical device particularly useful for the above-mentioned applications 
comprises a filter and a reflective surface, both placed in an optical path between a first 
set of one or more input optical channels and a second set of one or more output optical 
channels. The filter passes some of the radiation of the input beam(s) from selected 
channel(s) of the first set and reflects the remainder. The reflective surface reflects at 
least some of the radiation that is passed by the filter. The reflective surface or the filter 
is moved to each of a plurality of positions to perform two or more functions, such as 
wavelength division multiplexing or demultiplexing, attenuation, switching, filtering, 
tapping, as well as other functions. Preferably, the optical components of the hybrid 
device are such that the passage of radiation through the device is non-directional (or bi- 
directional), so that input channels can become output channels, and output channels can 
become input channels, whether or not the number of input and output channels are equal. 

Preferably, the filter or the reflective surface is moved to the positions by means 
of an actuator. In the preferred embodiment, the reflective surface and the actuator are 
provided on a silicon wafer and the actuator includes a plurality of interdigitated fingers. 
Also preferably, the reflective surface, the filter and the actuator are enclosed by means of 
a package. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA is a cross-sectional view of one embodiment of the optical hybrid device 
according to the present invention. 

FIGS. IB and IC are schematic cross-section views of an arrangement of some of 
the components of the optical hybrid device of FIG. lA where a reflective surface of the 
device is moved to arrive at two different states according to the present invention. 

FIGS. ID and IE are schematic cross-section views of an arrangement of some of 
the components of the optical hybrid device of FIG. lA where a filter of the device is 
moved to arrive at two different states according to the present invention. 

Fig. IF is a cross-sectional view of another embodiment which is similar to the 
embodiment of Figs. lA-lE, except that only one input fiber is employed, and that a 
photodetector is employed to detect radiation that passes the reflective surface. 

FIG. 2 is a cross-sectional view of another embodiment of the optical hybrid 
device according to the present invention. 

FIGS. 3 and 4 are schematic diagrams of a first state and a second state of the 
optical hybrid device according to one embodiment of the present invention. 

FIG. 5 is a plan view of the structure of the mirror chip according to the present 
invention. 

FIG. 6 is a cross-sectional view of the structure of the mirror chip cut along by the 
line LI 5 in FIG. 5. 

FIG. 7 is an alternate suspension mechanism of the mirror according to the present 
invention, 

FIGS. 8 and 9 are cross-sectional views of the structure of the actuator for the 
mirror according to the present invention. 

FIGS. 10 and 11 are diagrams showing the structure of a vertical comb drive 
actuator according to the present invention. 

FIG. 12 is a diagram showing the structure of a levitation force comb actuator 
according to the present invention. 

DETAILED DESCRIPTION OF THE PREFFERED EMBODIMENTS 

The present invention will now be described in detail with reference to the 
drawings, wherein like elements are referred to with like reference labels throughout. 
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The optical hybrid according to the present invention employs a reflective surface 
which preferably includes a microfabricated mirror to direct light or other forms of 
electromagnetic radiation (referred to collectively below as "light") from one or more 
input optical fibers to one or more output optical fibers. When the present invention 
5 fixnctions as an optical switch, the mirror is tilted by an electronic control signal to 
redirect the light beam to altemate output fibers. When the present invention fixnctions as 
an optical attenuator, the mirror is tilted to redirect the light beam gradually away from an 
output fiber, thus attenuating the output signal power. Similar functions can be achieved 
by tilting a narrow band pass, broad band pass or tap filter element in the device. 
10 The optical switchAVDM hybrid and the optical attenuatorAVDM hybrid 

P=j embodiments preferably include a thin film filter element which reflects a portion of the 

incoming light from one or more input optical fibers to one or more output optical fibers. 
4^ The remaining portion of the light from one or more input optical fibers is then 

transmitted through the filter onto a microfabricated mirror which is used to direct light 
l^' 15 either onto the same input fiber or onto an output fiber. The filter element may be a band 

= pass or broad band filter element, 

hi the case where the actuator of the microfabricated mirror or filter is driven in 
-J such a way that all of the light is intended to be fiiUy coupled into an output fiber, the 

Q optical component acts as a hybrid between a WDM and an optical switch. 

^20 hi the case where the actuator of the of the microfabricated mirror or filter is 

driven in such a way that that the amount of light which is directed onto the output fiber 
can be continuously adjusted, the optical components acts as a hybrid between a WDM 
and an optical attenuator. 

FIG. lA illustrates a cross-section view of a first embodiment of an optical 
25 switchAVDM hybrid or an optical attenuatorAVDM hybrid 100 as described below. The 
optical switchAVDM or attenuatorAVDM 100 includes input optical fiber 110 and 112, 
output optical fibers 120 and 122, a lens 140, a thin film filter element 155 and a mirror 
300. The input optical fibers 110 and 112 send one or more light beams from an external 
device coupled to the switchAVDM or attenuatorAVDM. The Hght is coupled through the 
30 lens and a portion of the light will be reflected from the thin film filter onto the output 
fibers 120 and 122. The portion of the light which is not reflected by the thin film filter 
will be transmitted through the filter and impinge on the surface of the mirror. 
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Depending on the position of the mirror the impinging light will be fully or partially 
directed back onto the input fiber or onto one input fiber or one output fiber. 

A ferrule 142 supports the input optical fibers 110 and 112 and the output fibers 
120 and 122 relative to one another, and relative to lens 140. The ferrule is made of glass 
5 or ceramic. The ferrule 142 supports the input optical fibers 110 and 112, and the output 
optical fiber 120 and 122 in a predetermined pattem described below referring to FIGS. 
IB-IE below. 

The mirror 300 is manufactured preferably on a part of a substrate 400, and is 
movably supported on the substrate 400. The substrate 400 is preferably made of silicon. 
10 A mirror chip 200 includes the mirror 300, the substrate 400, and an actuator, which is 
not shown in FIG. lA, but which will be described in detail referring to FIGS. 5-12, for 
J3 moving the mirror 300 in response to a control signal applied to electrical leads 170. 

15 A package 160 encases the mirror chip 200 in order to prevent dirt, moisture or 

^ corrosion fi-om impairing its operation. The package 160 has an opening 152 through 

H 15 which the light beam passes. This opening can be sealed in order to prevent dirt or 

I moisture fi*om impairing the operation of the mirror either using the thin film filter 155, 

g the outer diameter of the lens 140, or a glass window which is not shown in FIG 1 A. 

fl| The thin fikn filter element 155 is made of a transparent material, such as glass. 

^ The thin film filter element 155 can be coated on both sides. The filter element 155 

20 preferably has an anti-reflective coating 157 on the side facing the mirror chip 200. The 
side 155a of the filter element 155 can either be coated with a narrow bandpass filter, 
which transmits the light in a certain portion of the wavelength spectrum, and reflects the 
remaining portion of the light outside this narrow band spectrum or it can be a broadband 
tap which transmits a portion of the power with the same percentage at all wavelengths 
25 and reflects the remaining portion. The filter element 155 preferably has a wedged cross- 
section, as shown in FIG. 1 A in order to prevent an etalon caused by the two faces of the 
filter element 155. The package 160 is preferably a TO-type package, which is a 
cylindrical metal can with the parallel leads 170 extending fi"om the bottom surface of the 
package 160. 

30 One end of the lens 140 is attached to the ends of the co-terminus input and output 

optical fibers 110, 112, 120 and 122. Another end of the lens 140 is attached to the 
coated surface 155a of the filter element 155. The lens will be flush with the inside wall 
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of the package 160, if the filter element 155 is used to seal the package 160. Or it may be 
inserted into the package 160 in which case the package 160 will be sealed to the outer 
wall of the lens 140. 

The light beam travels in one or more of the input optical fibers 110 and 112, and 
5 is collimated by the lens 140. A portion of the optical signal is reflected off of the 
reflective optical coating 155a, is focused back through the lens 140 and is coupled to one 
of the output fibers 120 and 122. The remaining portion of the optical signal is 
transmitted through the filter element 155 and reflects off the mirror 300. The light 
which reflects off the mirror is transmitted through the filter element 155 and focused by 
10 the lens 140 onto one of the output fibers 120 and 122. If the mirror 300 is moved by the 
actuator in such a way that all of the light which reflects off the mirror 300 is coupled 
onto one of the output fibers 120 and 122, where the chosen output fiber depends on the 
£ drive voltage to the electrical leads 1 70, then the component acts as a hybrid between a 

2 WDM and an optical switch. If the mirror 300 is moved by the actuator in such a way 

f^' 15 that either all or a portion of the light which reflects off the mirror 300 is coupled onto 

= just one of the output fibers 120 and 122, where the amount of light which is coupled is 

Jl-J continuously adjustable depending on the drive voltage to the electrical leads 170, then 

ry the component acts as a hybrid between a WDM and a optical attenuator. 

m The lens 140 is preferably a GRIN (gradient index lens), and is sandwiched by the 

^ 20 ferrule 142, and the coating 155a of the filter element 155. 

The arrangement of the embodiment illustrated in FIG. lA forms a compact 
assembly that is stable to variations due to changes in the ambient conditions, such as 
temperature, humidity, and mechanical stress or vibration. Thus, according to the present 
invention, a reliable and compact switchAVDM or attenuatorAVDM hybrid is realized. 
25 In another embodiment, the mirror 300 may be partially transmissive, in which 

case a portion of the light which impinges on the surface of the mirror is reflected back 
onto one of the output fibers and the remaining portion is transmitted through the mirror. 
(The partially transmissive character of the mirror could be the result of one or more 
holes being placed in the mirror or it could be the result of using a thin film coating on the 
30 mirror surface.) In this embodiment the substrate 400 is a photodiode or has a photodiode 
mounted to it as described below which converts the incident optical signal back to an 
electrical signal. By this method it is possible to tap a portion of the incoming signal for 
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the purposes of monitoring the power level in one or more channels as well as analyzing 
the optical signal data. 

FIGS. IB and IC are schematic cross-section views of an arrangement of some of 
the components of the optical hybrid device of FIG. lA where a reflective surface of the 
5 device is moved to arrive at two different states according to the present invention. 

As shown in FIG. IB, the input light beam la from input optical fiber 110 is 
coUimated by lens 140 and impinges on filter 155 which is a bandpass filter. In Figs. IB- 
lE and Fig. 2, the wavelength components having wavelengths within the pass band of 
the filter 155 or 105 are indicated by X, and the wavelength components having 

10 wavelengths outside the pass band of the filter are indicated by X\ The wavelength 
component(s) in beam la that are not within the passband of filter 155 are therefore 
reflected. The reflected beam is focused by lens 140 as beam lb to output fiber 120. The 
wavelength component(s) in input beam la carried by fiber 110 within the passband of 
filter 155 pass the filter to reach a reflective surface such as mirror 300, whereupon the 

15 beam is reflected again through filter 155 and focused by lens 140 as beam Ic to output 
fiber 122. 

Input beam 2a carried by input fiber 1 12 is coUimated by lens 140 and directed to 
filter 155. The wavelength components of beam 2a are outside the passband of filter 155, 
so that they are reflected by the filter and focused by lens 140 to output fiber 122 as 

20 output beam 2b. It will be seen that output beams 2b, Ic are both focused by lens 140 to 
optical fiber 122. Thus, as will be seen from FIG. IB, all of the wavelengths components 
in beam 2a carried by input fiber 112 are reflected and focused to output fiber 122. On 
the other hand, the input beam la is separated into two parts: the wavelength components 
that are within the passband of filter 155 are reflected by surface 300 as output beam Ic to 

25 fiber 122, and the wavelength components of beam la outside of the passband of filter 
155 are reflected by the filter and focused to output fiber 120. 

If the reflective surface 300 is rotated to position 300' which is tilted at an angle 
to the previous position 300 of the surface as shown in FIG. IC, however, the wavelength 
components of input beam la that are reflected by surface 300' are now instead focused 

30 by lens 140 as output beam Ic' to output fiber 120 instead of fiber 122 as shown in FIG. 
IC. 
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From the above, it will be evident that FIGS. IB, IC illustrate two different states 
of the components of the hybrid optical device 100 of FIG. lA in performing wavelength 
division multiplexing as well as switching functions. 

Instead of moving reflective surface 300, the above-described WDM and 
5 switching functions may also be accomplished by moving filter 155 instead as illustrated 
in FIGS. ID, IE. As shown in FIG. ID, input beam Ix carried by input fiber 110 is 
collimated by lens 140 towards filter 155. The wavelength components of beam Ix are 
outside the passband of filter 155 so that they are reflected by the filter and focused by 
lens 140 to output fiber 122 as beam ly. Input beam 2x carried by input fiber 112 is 
10 collimated by lens 140 towards filter 155. The wavelength components of beam 2x are 
^ within the passband of filter 155 so that they pass through the filter and are reflected by 

u3 reflective surface 300 back through the filter and focused by lens 140 as output beam 2y 

towards output fiber 120. 

^ In order to perform WDM and switching functions so that the reflection of input 

M: 15 beam Ix is conveyed to fiber 120 instead of fiber 122, the filter is rotated or otherwise 

I moved to a tilted position 155' at an angle to its prior position 155 so that it reflects the 

collimated beam originating fi"om input beam Ix along a different path towards lens 140 
fu which focuses such beam as output beam ly' towards output fiber 120. It will be noted 

S£ that output beams ly', 2y are both focused by lens 140 to the same optical fiber 120. 

N= 20 Among other differences, by moving the filter to position 155' as shown in FIG. 

IE, the collimated beams originating from input beams Ix, 2x will impinge on the filter at 
a slightly different angle compared to the angle of impingement when the filter is not 
rotated at position 155. Such rotation may cause the passband of the filter to shift. 
However, if the tilt angle is small, the shift in the passband may be small enough to be 
25 ignored. Alternatively, such shifting of the passband of the filter may be advantageously 
used where desired for certain optical applications. 

In another embodiment as shown in Fig. IF, only one input fiber is employed. 
Input fiber 102 carries an input radiation beam, and fibers 101, 108 are output fibers, lens 
103 serves the same function as lens 140 of Fig. lA, and filter element 106, having a 
30 coating 105, serves the same function as filter 155. The mirror 300 may be partially 
transmissive, in which case a portion of the light which impinges on the surface of the 
mirror is reflected back onto one of the output fibers and the remaining portion is 
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transmitted through the mirror. The partially transmissive character of the mirror could 
be the result of one or more holes 300a in the mirror or it could be the result of using a 
thin film coating (not shown) on the mirror surface, hi this embodiment the substrate 400 
is a photodiode or has a photodiode 400a mounted to it which converts the incident 
5 optical signal back to an electrical signal. By this method it is possible to tap a portion of 
the incoming signal for the purposes of monitoring the power level in one or more 
channels as well as analyzing the optical signal data. 

FIG. 2 is an embodiment of the optical attenuatorAVDM 100' according to the 
present invention in which there is one input fiber and one output fiber. In this 
10 embodiment, an input radiation consisting of a multitude of optical signals of different 
^ center wavelengths (sometimes also called "channels") which are coupled to the input 

fl fiber 102. These combined optical signals are then coUimated by the lens 103 and image 

2 onto the thin film element 104. The optical coating 105 could be for example a narrow 

^ bandpass filter, which transmits a portion of the radiation spectrum containing a subset of 

15 the wavelength components in the optical signals and reflects all wavelength components 
outside of this narrow bandpass. The input fiber 102, output fiber 101 and coUimating 
J lens 103 are aligned in such a way that the wavelength components which are reflected 

y off of the coated surface 105 are coupled back though the lens and into the output fiber 

S 101 with minimal loss of optical power. The wavelength components which are 

20 transmitted by the narrow bandpass filter impinge on the mirror 107. 

The mirror 107 is controlled by an actuator in such a way that it can reflect the 
light which hits it back through the filter element 104, then through the lens 103 and into 
the output fiber 101 with minimal loss of optical power. The actuator can also move the 
mirror 107 away fi*om the position of lowest loss into a multiplicity of different positions 
25 which intentionally result in not all of the optical signal being coupled to the output fiber 
101. One position 107' of such different positions of the mirror is shown in FIG. 2 in 
dotted line for achieving a selected amount of attenuation. The optical path 3a of the 
beam focused by lens 103 partially towards output fiber 101 is also shown in dotted lines 
where the mirror is at position 107'. Thus, at position 107', the mirror cause only a 
30 portion of the output beam 3a to be focused into output fiber 101, with the remainder of 
the beam focused to locations outside the fiber and is lost. By driving the actuator in this 
way, the attenuatorAVDM acts as device which can cause a subset of the optical 
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wavelengths entering the input fiber 102 to exit through the output fiber with a power 
level which can be dynamically adjusted, while all other wavelengths are transmitted 
through the device with a fixed amount of loss of optical power. 

FIG. 3 is an embodiment of the optical attenuatorAVDM 100" according to the 
present invention in which there is one input fiber and two output fibers. In this position 

107 of the mirror, the optical signals which are reflected off the surface of the mirror are 
coupled into the same output fiber 108 as those which are reflected off the surface of the 
thin film filter. 

FIG. 4 is an embodiment of the optical attenuatorAVDM 100" according to the 
present invention in which there is one input fiber and two output fibers. In this position 
107' of the mirror, the optical signals which are reflected off the surface of the mirror are 
coupled into a second output fiber 101 while those which are reflected off the thin film 
filter are reflected into a first output fiber 108. 

FIGS. 3 and 4 are an embodiment of the present invention comprising a hybrid 
between a 1x2 switch and a WDM with one input fiber and two output fibers. This 
embodiment differs firom the embodiment of FIG. 2 in that the mirror can be used to 
direct the wavelengths which are transmitted by the narrow bandpass filter 105 either 
back onto output fiber 108 (which contains the wavelengths reflected from the narrow 
bandpass coating) or, in another position 1 07 ' of the mirror the wavelengths which are 
transmitted by the narrow bandpass filter coating 105 can be directed to a second output 
fiber 101. In either position of the mirror, the coupling of the light from the mirror to the 
corresponding output fiber 101 or 108 is done with a minimum loss of optical power. In 
this way the device acts as a hybrid between a WDM and a 1x2 switch. 

In another embodiment , which is a variation on the preceding embodiment, the 
mirror is moved by its actuator in such a way that the wavelengths which are transmitted 
by the narrow bandpass filter coating 105 can only be coupled to the output fiber 108. 
However the position of the mirror can be adjusted to a multiplicity of different positions 
which result in either minimal loss of optical power in the coupling to the output fiber 

108 or which produces a finite significant loss of optical power. As in the embodiment of 
FIG. 2, one of the positions of the mirror and the optical path of the output beam caused 
by reflection of the mirror at such position is shown in dotted lines in FIG. 3. The same 
can be implemented for the embodiment of Fig. 4, where the position of the mirror and 
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the resulting output beam reflected by the mirror are shown in dotted lines. In this way 
the device acts a hybrid between a WDM and an attenuator with two output ports. 

In another embodiment which is similar to the preceding embodiments, the thin 
film filter coating 105 is a broadband reflector which transmits a portion of each of the 
5 wavelength components in the incoming radiation and reflects the remaining portion. 
The portion of the incoming radiation which is reflected fi"om the thin film coating is 
coupled to output fiber 108 as illustrated in Fig. 3. The portion of the incoming radiation 
which is transmitted through the filter coating 105 is coupled to output fiber 108 with a 
power level which depends on the position of the mirror 107. One of the positions of the 
10 mirror and the optical path of the output beam caused by reflection of the mirror at such 
^ position are shown in dotted lines in FIG. 3. In this way the device acts as a hybrid 

between a tap and an attenuator. 
^ In another embodiment which is a variation on one of the embodiments above, the 

^ wavelengths transmitted by the narrow bandpass filter 105, can be directed by the mirror 

N= 15 to either output fiber 101 or output fiber 108. In this embodiment, the position of the 

5 mirror can be adjusted to a multiplicity of positions such that all of the optical power in 

5i the wavelengths which are transmitted by the narrow bandpass filter is coupled to an 

ry output fiber (either 101 or 108) or just some of the power in the transmitted wavelengths 

Q will be coupled. As in the embodiment of FIG. 2, one of the positions of the mirror and 

20 the optical path of the output beam caused by reflection of the mirror at such position are 
shown in dotted lines in FIG. 4. In this way the device acts as hybrid between a WDM 
and an attenuator/ 1x2 switch hybrid. 

It will be noted that the optical systems in all of the figures of this application are 
nondirectional (or bi-directional), so that the optical paths through the systems in the 
25 figures can be reversed fi"om those described above. In other words, instead of being 
input fibers, optical fibers 110, 112 and 102 may instead be output fibers instead. And 
output fibers 120, 122, 101 and 108 may become input fibers. In such event, the beams 
carried by fibers 120, 122, 101, 108 would become input beams, and the beams carried by 
fibers 110, 112 and 102 would become output beams instead. The directions of the 
30 optical beams would then be reversed fi"om those shown in the figures. Such and other 
variations are within the scope of the invention. 
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The structure of the mirror chip 200 will be described in detail below. Although 
the mirror 300 can be fabricated from any number of materials, the mirror 300 is 
preferably manufactured from single crystal silicon since the mechanical and electrical 
properties of silicon are well known, and thus, there is a well-established technology for 
batch manufacturing silicon devices. 

Now, referring to FIGS. 5-12, a structure of an actuator for moving the mirror 300 
according to the present invention will be described in detail. FIG. 5 illustrates a plan 
view of the structure of the mirror chip 200 according to the present invention, and FIG. 6 
illustrates a cross-sectional view of the structure of the mirror chip 200 cut along by the 
line LI 5 in FIG. 5. Supporting hinges 302 which movably support the mirror 300 
functioning as a spring are fabricated on the substrate 400 by utilizing photolithography, 
and either wet chemical or plasma etching process. The thickness of the mirror 300 and 
hinges 302 is controlled by etching the silicon, or preferably, by using SOI (silicon-on- 
insulator) wafers. 

Referring to FIG. 5, hinges 302 functioning as springs connect the mirror 300 to 
the substrate 400 from which the chip 200 was made. The hinges 302 are preferably 
made of the same silicon substrate 400 as the mirror 300. Typically, the hinges 302 are 
torsion bars that permit the mirror 300 to rotate about an axis Lbar of the torsion bars. 
The torsion bars are made significantly thicker than the width of the torsion bars so that 
the bars are more compliant in torsion than they are in other modes of bending. The 
hinges functioning as torsion bars can be stiffened in non-rotation modes of bending by 
adding fillets 304 at the two ends of each of the hinges 302. 

Referring to FIG. 6, the substrate 400 preferably includes a silicon wafer, further 
preferably includes an SOI wafer, which includes silicon layers 402 and 404 separated by 
a silicon dioxide layer 406. The SOI wafers are manufactured or purchased with 
precisely controlled layer thickness. Moreover, available wet chemical and plasma 
etching techniques are preferably used to etch either silicon or silicon dioxide 
preferentially to the other material. Thus, the mirror 300 is fabricated with well- 
controlled thickness. 

The mirror 300 is coated with a metal layer 306, such as gold, to increase its 
reflectivity. Alternatively, the reflectivity of the mirror 300 is improved by coating the 
mirror 300 with multiple layers of dielectric films. 
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FIG. 7 illustrates alternate suspension mechanisms of the mirror 300 according to 
the present invention. The suspension system of FIG. 7 is utilized in order to permit the 
mirror 300 to rotate in two degrees of freedom. One such mechanism is a gimbal 
mechanism whereby the mirror 300 is connected via torsion bars 310 to a frame 312 
which is, in turn, connected to the rest of the substrate 400 by additional torsion bars 320 
which are situated at an angle to the torsion bars 310. The angle between the torsion bars 
310 and 320 is preferably about 90 degrees. 

FIGS. 8 and 9 illustrate cross-sectional views of the structure of the actuator 500 
for the mirror 300 according to the present invention. The mirror 300 is tilted between its 
rest position and one or more switched positions by applying an electric field between the 
mirror 300 and one or more driving electrode 502. The driving electrode 502 and the 
mirror 300 form a parallel plate electrostatic actuator. The driving electrode 502 is 
preferably metal traces on an electrode chip 508 fabricated from glass or silicon which is 
bonded to the mirror chip 200. Altematively, driving electrodes 510 in FIG. 9 are 
fabricated from the same SOI wafer 512 which is used to make the mirror 300, The 
mirror 300, and the actuator 500 which moves the mirror 300 are preferably provided on 
a silicon wafer. 

The size and shape of the electrodes 502 and 510 are preferably designed to 
ensure that the mirror 300 operates in a stable mode over the desired range of motion, 
regardless of the voltage applied to the electrode 502. If the electrode 502 is made larger 
than a critical value, then the mirror can "snap down" to the electrode when the mirror- 
to-electrode voltage is too large. 

The tilted position of the mirror 300 can be set in one of the following three ways. 
First the position can be determined by mechanical structures 506 on the mirror 300 
and/or the electrode chip 508 that limit the amount that the mirror 300 tilts. The second 
method is to control the voltage that is applied to the drive electrode 502. Whenever the 
same voltage is applied to the electrode 502, the mirror 300 tilts by the same angle. The 
third method is to use feedback control. In this case, the angular position of the mirror 
300 is measured. The difference between the measured position and desired position is 
used to control the voltage applied to the drive electrode 502 in such a manner to ensure 
that the mirror 300 is kept in the desired position. The position of the mirror 300 can be 
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determined by measuring the capacitance between the mirror 300 and the driving 
electrode 502, or electrodes 504 which are provided for this measuring purpose. 

Referring to FIG. 8, the actuator 500 preferably includes trenches 509 to increase 
the range of possible mirror rotation, to provide a mechanical stop that limits the range of 
5 rotation, and to control the squeeze film damping of the mirror 300. The mirror 300 and 
the torsion spring form a two-pole mechanical system. Two-pole systems will settle 
fastest if they are critically damped. The size, location, and pattem of trenches in the 
electrode wafer are designed to ensure that the mirror 300 is close to critical damping so 
that the optical switch 100 can switch states in the least possible time. 

10 FIGS. 10 and 1 1 illustrate the structure of a vertical comb drive actuator 600. The 

vertical comb drive actuator 600 is an alternative actuator that can be used in lieu of or in 
conjunction with the parallel plate actuator described referring to FIGS. 5-9. The vertical 
comb driver 600 is fabricated by forming a series of interdigitated fingers 602 on the 
periphery of the mirror 300 and the adjacent portion of the wafer 400 of Fig. 5. When a 

15 voltage is applied between the two sets of fingers 602, the electrostatic force 610 on the 
mirror 300 will rotate the mirror 300 in the direction that maximizes the capacitance 
between the fingers 602. If the two sets of fingers 602 are fabricated fi-om the same layer 
of silicon and are therefore coplanar, the electrostatic force 610 will push the mirror into 
its as-fabricated coplanar position as shown in FIG. 10. If the fingers 602 are fabricated 

20 such that the fingers 602 on the periphery of mirror 300 and the fingers at the adjacent 
portion of wafer 400 are not coplanar, the electrostatic force 612 will cause the mirror 
300 to rotate out of its as-fabricated non-coplanar orientation as shown in FIG. 11. 
Preferably, the electrostatic forces 610 and 612 are normal to a plane of the silicon wafer 
400. 

25 The sensitivity of the position-sensing electrode can be made larger by placing 

interdigitated electrodes 602 on the edge of the mirror 300 and on the surrounding portion 
of the wafer 400. These electrodes will form a capacitor whose capacitance will decrease 
as the mirror 300 rotates out of plane in which the mirror 300 is originally located when 
the mirror 300 is not actuated. 

30 FIG. 12 illustrates the structure of a levitation force comb actuator 700. The 

levitation force actuator 700 includes interdigitated fingers 702 on the peripheral portion 
of the mirror 300, the portion of the wafer 400 adjacent to the mirror 300, and an 
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electrode 705 beneath the both sets of fingers 702. The electrode 705 causes an 
asymmetry in the electric field between the fingers 702 and the electrode 705 which 
generates a force 710 normal to and away fi*om the electrode 705. 

As described above, instead of moving the reflective surface 300 or 107, the 
5 above described functions of the hybrid optical device of this invention may be 
accomplished by moving the filter 155 and 105 instead. The rotation or movement of the 
filter may be accomplished by means of mechanisms similar to those described above for 
moving the reflective surface. The construction of the filter and of the actuator for 
moving it, the process in making the actuator and the method of control in moving the 
10 filter are similar to those described above for the reflective surface so that a detailed 
□ description thereof is unnecessary herein. 

While the invention has been described above by reference to various 
!p embodiments, it will be understood that changes and modifications may be made without 

£: departing fi-om the scope of the invention which is to be limited only by the appended 

15 claims and their equivalents. For example, while the invention has been illustrated by 
means of embodiments where the input and output optical channels employ optical fibers, 
T| other optical devices or paths may be employed instead and are within the scope of the 

^ invention. All references referred to herein are incorporated by reference in their 

3 entireties. 
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